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Summary

A ride quality meter has been used to establish
the baseline ride quality of a light twin-engine air-
plane planned for use as a test bed for an experimen-
tal gust alleviation system. The ride quality meter
provides estimates of passenger ride discomfort as a
function of cabin noise and vibration (acceleration)
in five axes (yaw axis omitted). According to the ride
quality meter, in smooth air the cabin noise was the
dominant source of passenger discomfort. In mod-
erately turbulent air with approximately the same
cabin noise level, the vertical and lateral vibrations
(accelerations) were the dominant sources of passen-
ger discomfort, but the total discomfort was approxi-
mately the same as that for the smooth-air condition.
The researcher’s subjective opinion, however, is that
the total ride discomfort was much worse in the mod-
erate turbulence than it was in the smooth air. The
discrepancy is explained by the lack of measurement
of the low-frequency accelerations by the ride quality
meter.

Introduction

General aviation airplanes have a reputation for
poor ride quality. One of the primary complaints
is that general aviation airplanes have a rough ride,
especially in turbulent air. In order to address the
apparent need for improvement in this area, NASA
initiated a research program through a grant to the
University of Kansas to develop and test an exper-
imental gust alleviation system (ref. 1). However,
there is a limited data base for modern general avi-
ation airplanes from which to design this system.
For example, there are very few experimental data
to indicate exactly which motion parameters and
which frequency ranges need to be controlled in small
airplanes to provide the most improvement in ride
comfort as perceived by a representative sample of
passengers. That is, there are few data for small air-
planes to indicate whether both a longitudinal and
a lateral gust alleviation system are necessary. Re-
cent tests of an experimental gust alleviation system
on a commuter airplane (ref. 2) have also indicated
that although the gust alleviation system effectively
reduced the low-frequency accelerations, “...the sen-
sitivity of the human body to vertical accelerations
of 4.0 to 8.0 Hz and more is higher than expected.”
In addition, there are many other important non-
motion factors such as noise that affect the overall
ride quality (ref. 3). There is no guarantee that a per-
fectly gust-alleviated general aviation airplane, for
example, would be significantly more acceptable to a
large segment of the general population without ad-
ditional improvements in other areas. There are no

data for general aviation airplanes to define exactly
how important these other, nonmotion, factors are
and what their relationship, and interaction, is with
the accelerations. Finally, there are also very few ex-
perimental data which define the frequency content
of the response of modern general aviation airplanes
to turbulence. The frequency content is vital for ad-
equately specifying the requirements for the sensors
and actuators that could be used in such a gust alle-
viation system. Experimental flight data are needed
to supplement and validate theoretical calculations of
frequency content such as those based on the Dryden
gust spectrum and linear airplane response models.

In an effort to provide some of these needed data,
a flight test study was conducted with the airplane
planned for use in the NASA /University of Kansas
gust alleviation program. A new Langley-developed
ride quality meter was used to document the baseline
ride quality for this light, twin-engine general avia-
tion airplane. The new meter provides real-time esti-
mates of the ride quality as a function of acceleration
levels and cabin noise as perceived by “naive” passen-
gers. The ride quality meter automatically ranks the
individual contributions to the overall ride quality of
five axes of acceleration and of six different octave
bands of cabin noise. This meter had been used pre-
viously in a variety of air and land vehicles, but it
had never before been applied to a general aviation
airplane. Therefore, these tests also served to evalu-
ate the applicability of the meter to general aviation
airplanes and to determine its suitability for future
use in documenting the effectiveness of the planned
gust alleviation system.

The present measurements were made during
13 flights over a period of 3 months. The ride quality
was documented with the ride quality meter for all
phases of flight, from taxiing for takeoff to landing.
The ride quality for the in-flight phase of operation
was documented for estimated levels of turbulence
from smooth to moderate turbulence. By compar-
ing the meter-predicted ride quality in smooth-air
conditions with that in turbulence, estimates of the
maximum improvement in ride quality that could be
obtained with a perfect gust alleviation system with-
out changing the cabin noise levels were obtained.
The meter estimates of the ride quality were also
compared with the subjective opinion of the flight
crew. In addition, time histories and rms power spec-
tra of the airplane accelerations in turbulence were
obtained.

Symbols and Abbreviations

dB(A) A-weighted sound pressure

level in decibels



DISC passenger discomfort index
units

DNOISE combined noise discomfort
index, DISC units

DTOTAL total discomfort index, DISC
units

DVIB acceleration discomfort index,
DISC units

g acceleration due to gravity,
32.2 ft/sec?

h altitude, ft

IAS indicated airspeed, knots

MAP engine manifold pressure,
inches of mercury (Hg)

N engine speed, rpm

rms root mean square value

rpm revolutions per minute

RQM ride quality meter

Aay longitudinal acceleration
after filtering, g units positive
toward nose

Aay lateral acceleration after
filtering, g units positive out
right wing

Aa, vertical acceleration after
filtering, g units positive down

A pitch acceleration after filter-
ing, rad/sec2, positive nose up

Ad roll acceleration after filtering,
rad/sec?, positive right wing
down

Description of Test Apparatus

Ride Quality Meter

The ride quality meter (RQM) system consists
of three separate components: the computer-printer
package, the accelerometer package, and a sound
level meter and microphone, as shown in figure 1.
The RQM system was designed for quick installation
in a wide variety of vehicles. Ordinarily the RQM
computer-printer package is placed in an empty seat
with the accelerometer package on the floor in front of
or beneath the seat. In the present application, how-
ever, each piece was rigidly attached to the instru-
ment pallet shown in figure 1. The computer-printer
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package and the accelerometer package required a
12-V dc (5-A) power source, and the sound level me-
ter operated on internal dry cell batteries. The total
system weight was about 40 lb.

Time histories of the accelerometer outputs were
recorded on analog tape. The tape recordings were
processed after the flights on a spectral analyzer for
a more detailed description of the aircraft motions.

Background. The RQM was developed to pro-
vide a general and comprehensive empirical estimate
of passenger ride comfort as a function of vehicle vi-
bration (acceleration) and interior noise. The accel-
erations are referred to as vibrations in reference 4
because frequencies ranging from a low of 0.5 or
1.0 Hz up to a high of 10 Hz (30 Hz in the verti-
cal axis) were used in the development of the ride
comfort model. However, since frequencies as low as
0.1 Hz are considered in this report, the more gen-
eral term acceleration will be used in all cases. The
NASA ride comfort algorithm was developed in a re-
search program that obtained subjective comfort rat-
ings from more than 3000 people who were exposed to
controlled combinations of noise and acceleration in
the Passenger Ride Quality Apparatus at the NASA
Langley Research Center. Although the apparatus
was capable of producing oscillatory accelerations
in all three linear axes (longitudinal, lateral, and
vertical), it could produce angular accelerations in
only the pitch and roll axes (no yawing acceleration).
The resulting model does not, therefore, account for
yawing motions. The basic principle of operation
of the model is to transform the individual compo-
nents of the noise and the accelerations into subjec-
tive discomfort indexes with common units and then
combine these subjective indexes to produce a sin-
gle total discomfort index typifying naive passenger
acceptance of the environment (see ref. 5).

The total and intermediate discomfort indexes are
directly proportional to subjective discomfort and
have ratio scale properties. For example, a discom-
fort index of 4.0 represents twice the discomfort asso-
ciated with a discomfort index of 2.0, and a discom-
fort index of 0.5 represents one-half the discomfort
represented by an index of 1.0. The discomfort in-
dexes are typically used to indicate relative values of
discomfort in a given ride environment, although it is
possible to assign absolute meanings to the discom-
fort scale. The relationship between the ride comfort
index and the percentage of uncomfortable passen-
gers is established by conducting “calibration” tests
within the vehicle of interest. These tests are neces-
sary because subjective criteria for assigning absolute
discomfort within a given vehicle depend to some ex-
tent on the context of the ride environment being



considered. This calibration procedure is illustrated
in reference 6 for a group of helicopter pilots in sim-
ulated helicopter environments. Since the absolute
scale for the present airplane was not established,
the results of reference 6 were used to give some per-
spective to the discomfort indexes measured in the
present study.

Ride comfort algorithms. A complete description
of the ride comfort algorithms is given in reference 7.
The basic elements of the ride comfort algorithm are
shown in figure 2.

The signals output by the linear and angular ac-
celerometer package are first processed by the single-
axis algorithms. These algorithms use passive filters
to provide a frequency weighting to the accelerome-
ter signals that reflects the acceleration-frequency de-
pendence of human discomfort for each axis. These
weighting functions are different for each axis of mo-
tion and are presented later. The weighted signals are
then squared and time-averaged to produce weighted
rms accelerations. The last step in the single-axis al-
gorithms is to use the weighted rms accelerations in
empirically determined linear equations to calculate
the single-axis discomfort indexes, DVERT, etc.

The single-axis discomfort indexes are then ap-
plied to the combined-axes algorithms to calculate
the total discomfort caused by the accelerations,
DVIB. These algorithms rank the individual accel-
eration discomfort indexes and then calculate a vec-
tor sum of the ranked indexes to determine the total
acceleration discomfort index; see reference 7 for the
exact calculations. The total acceleration discomfort,
DVIB, is also used in calculating the noise discomfort
as indicated by the cross-feed path in figure 2 and as
explained below.

The noise discomfort contributions are computed
for noises within six octave bands having center fre-
quencies of 63, 125, 250, 500, 1000, and 2000 Hz. The
A-weighted sound pressure levels between 65 dB(A)
and 100 dB(A) within each of the six octave bands
are weighted on the basis of passenger discomfort
sensitivity in the noise octave band algorithm. A
key feature of the algorithm is that the discomfort
caused by noise depends on the level of acceleration
discomfort present in the ride environment. This de-
pendence is indicated by the cross-feed path from
the acceleration output, DVIB, to the noise octave
band algorithm in figure 2. For a given noise level,
the computed noise discomfort index (restricted to
positive values) is linearly reduced by the accelera-
tion discomfort index, DVIB. This physically means
that passengers usually are less concerned with a
given level of noise when the acceleration level is high

(rough ride) than they are when the acceleration level
is low (smooth ride).

The individual noise discomfort indexes, D63,
etc., are next applied to the noise combined octave
algorithm, which calculates the total noise discomfort
index, DNOISE, using a summation procedure on the
ranked indexes. The final step in the calculations is
to sum the discomfort caused by the acceleration and
the discomfort caused by the noise to produce the
total discomfort, DTOTAL.

Meter operation. The operation of the RQM
is very simple. With the power turned on, the re-
searcher activates the data-taking function when an
interesting ride condition arises. The meter then au-
tomatically samples the acceleration and noise data
and performs the calculations. After about 20 sec
the meter begins printing the noise and acceleration
levels and the various discomfort indexes. The print-
ing cycle lasts about an additional 30 sec for a total
cycle time of about 50 sec. The process will then
be automatically repeated unless terminated by the
researcher.

The tape recorder was operated independently of
the RQM, but was generally turned on whenever
the RQM was taking, but not printing, data. The
average lengths of the recordings were, therefore,
about 30 to 40 sec, which made it possible to analyze
frequencies down to about 0.1 Hz, assuming four data
samples per cycle are required to accurately describe
a given frequency.

Airplane

Physical characteristics. The airplane used in
the present tests (see fig. 3) was an eight-passenger,
low-wing, light twin-engine configuration that is used
extensively in commuter operations. The overall
physical dimensions of the airplane are given in the
three-view drawing shown in figure 4. The airplane
has a maximum takeoff weight of 6300 lb and is
powered by two 300-hp turbocharged piston engines.
Operations are ordinarily limited to altitudes below
10000 ft because the airplane cabin cannot be pres-
surized. A summary of some of the primary airplane
characteristics is given in table I.

Ride quality meter installation. The RQM
components were rigidly attached to an instrument
pallet and installed on the seat rails in place of the
seat immediately behind the pilot’s seat. (See fig. 5.)
A separate power supply mounted on the pallet was
used to convert the 28 V of the basic electrical system
of the airplane to the 12 V required by the RQM.
The research engineer sat immediately behind the
copilot’s seat and operated the RQM during flight.
Seats were not installed in the aft cabin for the tests,
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but the airplane was otherwise in a configuration
similar to that which would be used in commuter
operations; that is, carpeting and other standard
sound absorbing trim were in place.

Flight Test Program

Typically the airplane was flown with a takeoff
weight of approximately 5750 lb and was flown for
1 to 2 hr, during which 180 to 360 lb of fuel were
consumed. The crew consisted of the pilot, the crew
chief, and the research engineer. With this loading
the center of gravity was in a forward location at
21.6 percent of the mean aerodynamic chord.

A summary of the flight conditions used in the
present study is given in table II. These conditions
are representative of typical operations of this air-
plane from takeoff to landing. Extensive additional
data were recorded in flight conditions approximat-
ing the cruise condition in table II because the largest
percentage of commuter flight time is in the cruise
condition. Most of these additional measurements
were made in order to document the ride quality in
turbulent flight conditions. In an attempt to find
the most turbulent conditions, slightly different alti-
tudes and airspeeds from those shown in table II for
the cruise condition were used. For example, flights
downwind of the crest of the Blue Ridge Mountains
of Virginia (altitudes 3000 to 4500 ft) were flown.

Discussion of Results
Characteristic RQM Results

Typical RQM printout. A copy of an RQM
printout for a typical smooth-air flight condition is
shown in table III. The top section of the printout
contains the octave-band noise levels and their dis-
comfort indexes, and the bottom section contains the
weighted rms acceleration levels and their discom-
fort indexes. Printed between the two sections are
the total discomfort index, DTOTAL, the combined
noise index, DNOISE, and the combined accelera-
tion index, DVIB. The total ride discomfort index
was about 5.1, with 4.2 of the total due to noise
and 0.9 due to acceleration. (For comparison, the
RQM reading with the airplane parked in the hangar
without the engines running was 0.1, which was due
entirely to the electrical noise on the accelerometer
signals. A typical reading in an automobile travelling
45 miles per hour on a two-lane road with the win-
dows up is 2.0 to 3.0). The printout indicates that the
125-Hz octave band was the primary source of noise
discomfort (3.6), and the vertical and roll accel-
erations were the primary sources of acceleration
discomfort (0.6 and 0.3, respectively). The noise
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level at 125 Hz was almost 94 dB(A), and the
weighted rms vertical and roll accelerations were
0.01g and 0.11 rad/sec?, respectively. It should
be noted that neither the noise nor the accelera-
tion discomfort index is a simple sum of the in-
dividual components. As explained in the sec-
tion “Ride comfort algorithms,” the algorithm re-
flects the passenger’s preoccupation with the most
uncomfortable stimuli and the disregard of less
uncomfortable stimuli.

The fact that more than 80 percent of the total
ride discomfort index in smooth air was due to noise
was not surprising. The noise level in this airplane
was high and conversation difficult. On the other
hand, the ride, though not qualitatively as smooth
as that of a big automobile on a good road, seemed
very acceptable to the crew.

Repeatability of measurements. The discomfort
indexes for four consecutive measurements in cruise
are presented in figure 6. The turbulence level was
judged by the crew to be “light” but was, of course,
not exactly the same for all four measurements. The
four measured indexes were repeatable to within
about 0.3 unit of the ride comfort scale. This was
typical of the repeatability experienced at other flight
conditions.

Sensitivity to airspeed and engine power. The
effect of airspeed on the acceleration, noise, and to-
tal discomfort indexes is shown in figure 7. Note that
the noise discomfort index is equal to the difference
between the total discomfort index and the accelera-
tion discomfort index. As the airspeed was increased
at a constant power setting (the vertical speed was
allowed to vary as the airspeed was changed), the
total discomfort index increased. Almost the en-
tire increase was due to the increasing noise level,
although the acceleration component of discomfort
also increased slightly.

The effect of engine power on the acceleration,
noise, and total discomfort indexes is shown in fig-
ure 8. At a constant airspeed of 140 knots and a pro-
peller speed of 2300 rpm, the total discomfort index
increased with increasing manifold pressure (power
level). Again the data show that almost all the in-
crease was due to the cabin noise, since the acceler-
ation was very low in the smooth-air conditions in
which these data were taken.

In summary, there was a significant variation in
the ride quality index with both airspeed and engine
power. Most of the variation was due to changes
in the cabin noise level. Thus, when comparing the
noise discomfort indexes for different airplane con-
figurations, it is important to use the same airspeed
and power level.



Basic Ride Quality

Ride quality in different phases of flight. The ride
discomfort indexes in smooth air for the eight differ-
ent phases of a typical flight are shown in figure 9.
As mentioned earlier, the study in reference 6 de-
termined the relationship between the percentage of
helicopter pilots who found a given ride environment
uncomfortable and the corresponding discomfort in-
dexes calculated by the ride quality meter. This scale
is shown on the right of figure 9 for comparison. The
reader is cautioned, however, that the validity of the
percentage scale for the present investigation has not
been established.

In the taxi phase of the flight, the acceleration was
the dominant source of ride discomfort, although the
overall ride comfort was relatively good compared
with that in flight. The acceleration was probably
caused by rolling on the taxiway and not by the
operation of the engines. The cabin noise during
taxiing was low because engine power was very low.

During engine run-up, the acceleration discomfort
was reduced even though the high engine speeds
caused the airplane to vibrate noticeably. Evidently
this increased engine vibration was more than offset
by the absence of accelerations due to rolling on the
taxiway because the airplane was stationary during
engine run-up. However, noise from the engines and
propellers was greatly increased, and the resulting
total discomfort index was essentially unchanged.

During the takeoff roll, the acceleration compo-
nent of discomfort increased to a level about one-
third higher than during taxi. This was probably
due to the higher average rolling speed on the run-
way. The discomfort index caused by the increased
cabin noise was less than that during the engine run-
up because of the effect of the increased accelerations
and not because of a lower noise level. As explained
earlier, at a fixed noise level the ride comfort algo-
rithm produces a lower noise discomfort index as the
acceleration level increases. This algorithm reflects
the passengers’ preoccupation with the acceleration
stimuli at high acceleration levels. In other words,
the acceleration effectively masks the discomfort due
to the noise.

During the in-flight phases, the acceleration dis-
comfort decreased to relatively small values because
of the smooth-air conditions, but the noise discom-
fort contribution increased to large values. This is
because the “effective masking” of the noise discom-
fort by large accelerations was absent. Even though
the flight acceleration levels were low, the total dis-
comfort showed little or no improvement compared
with the high-acceleration condition of the takeoff
roll. In fact, over 90 percent of the helicopter pilots

in reference 6 would still be uncomfortable during
such flight even though the ride was very smooth.

During the final phase of flight, the landing roll,
discomfort caused by accelerations again increased to
the level present in the takeoff roll. However, since
the engine power was now at a very low level, the
discomfort caused by the noise was zero.

In summary, except for the taxi and engine run-
up phases of flight, the RQM algorithm predicts a
relatively constant total passenger discomfort. How-
ever, the passengers would perceive the discomfort as
coming from different sources (either noise or accel-
eration) for the different phases of flight. In addition,
since the total discomfort was high in the low accel-
eration, smooth-air flight condition, ride-smoothing
technology by itself as described in reference 1 may
not be sufficient to improve the overall ride envi-
ronment. Both ride smoothing and noise reduction
treatments may be required.

Cabin noise analysis. The individual discomfort
indexes for the six octave bands contained in the total
noise discomfort index for the cruise flight condition
of figure 9 are presented in figure 10. Because these
individual indexes are not corrected for the influence
of the acceleration, they cannot be directly compared
with the total, acceleration-corrected, noise index in
figure 9. In other words, the indexes in figure 10 rep-
resent noise discomfort with acceleration assumed to
be zero. The value of the measured A-weighted sound
pressure level is also presented for each octave band.
The data in figure 10 indicate the primary source of
noise discomfort was the 125-Hz octave band. The
propeller blade passing frequency for this condition
was 115 Hz, indicating that the propulsion system
is the source of most of the ride discomfort. Thus,
the RQM provides a useful capability for locating the
areas for productive ride quality improvements.

Acceleration analysis. The individual axis contri-
butions to the total acceleration discomfort index for
the cruise flight condition in figure 9 are presented
in figure 11. Also shown are the weighted rms ac-
celerations associated with the individual discomfort
indexes. These data indicate that the vertical and
lateral axes were the dominant sources of accelera-
tion discomfort, although the magnitude of the in-
dexes was small compared with the noise discomfort
indexes. The acceleration discomfort becomes signif-
icant in cruise only in turbulent air as shown in the
next section.

Ride Quality in Turbulence

Ride comfort measurements during cruise for four
flights in different levels of turbulence are shown in
figure 12. The designations “smooth,” “very light,”




“light,” and “moderate” are based on the subjective
judgment of the researcher since no direct, quanti-
tative measurement of atmospheric turbulence was
made. The relative contribution of acceleration to
total discomfort increased until for the moderate tur-
bulence condition the accelerations accounted for all
the discomfort. However, as the turbulence level in-
creased, the total discomfort remained relatively con-
stant. It was the judgment of the crew that the ride
was much more uncomfortable for the moderate tur-
bulence level than it was for the smooth-air condition
because they were being severely bounced around in
their seats. The RQM, therefore, correctly identified
the source of the discomfort for moderate turbulence,
but the total discomfort index did not accurately
reflect the actual ride comfort.

There are two factors that may account for the
difference between crew perception and RQM esti-
mates of total ride discomfort. First, and most im-
portant, the RQM does not respond to vertical and
lateral accelerations having frequency content below
1.0 Hz. This is discussed later when the unweighted
frequency response data are presented. Second, a
slight anomaly was discovered in the ride comfort
algorithm for high noise levels and moderate acceler-
ation levels such as those present in these tests. As
stated earlier, at a constant noise level, the noise dis-
comfort index was linearly reduced as the accelera-
tion discomfort index increased. At noise levels above
about 85 dB(A) it was discovered that the magni-
tude of this reduction was slightly greater than the
increase in the acceleration discomfort index. For ex-
ample, for the cabin noise levels present in the moder-
ate turbulence condition, an increase in the accelera-
tion discomfort index DVIB of 1.000 discomfort unit
would cause a corresponding decrease in the noise
index of 1.005 discomfort units. Since the total dis-
comfort index is the sum of the noise and acceleration
discomfort indexes, the total discomfort index would
be decreased by 0.005 unit for each 1.000 discomfort
unit increase in the acceleration discomfort index.
This anomaly occurs only for low-to-moderate accel-
eration levels because negative values of the noise
discomfort index are excluded. Thus, after increas-
ing acceleration levels have reduced the noise discom-
fort index to zero, the total discomfort index is equal
to (and increases on a one-to-one basis with) the
acceleration discomfort index.

Although theoretically there can be antagonistic
interactions such as this to multiple stimuli, the orig-
inal data from which this algorithm was developed
always showed increasing total discomfort as the ac-
celeration increased. In any case, this anomaly is
a second order effect compared with the lack of re-
sponse of the RQM to the lower acceleration frequen-
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cies. The latter effect is probably largely responsible
for the disagreement between the crew’s perception
of ride discomfort and the total ride comfort index in
different levels of turbulence.

Cabin noise discomfort analysis. The compo-
nents of the noise discomfort index during cruise in
moderate turbulence are presented in figure 13. The
indexes presented in figure 13 are for a theoretically
acceleration-free environment and are presented in
this manner for comparison with figure 10. A com-
parison of these two figures indicates that the noise
level within the four highest octave bands in the mod-
erate turbulence was slightly higher than that in the
smooth air. However, the data in figure 12 showed
that the noise discomfort was zero in the moder-
ately turbulent air, whereas the noise discomfort in
the smooth air was large. This result again reflects
the basic phenomenon that naive passengers become
less concerned with noise as the acceleration level
increases.

Acceleration discomfort analysis. The discom-
fort components for each axis of motion during cruise
in moderate turbulence are shown in figure 14. As
expected, the magnitudes of the acceleration com-
ponents are much larger in turbulence than those
presented in figure 11 for smooth air. In addition,
the lateral acceleration discomfort in turbulence is al-
most as large as the vertical acceleration discomfort.
An explanation of this result will be discussed in the
next section. These RQM data indicate that the lat-
eral acceleration needs to be alleviated as well as the
vertical acceleration if a gust alleviation system is to
produce significant improvement in ride quality.

Airplane Response to Turbulence

Acceleration time histories. 1t is useful to exam-
ine the time histories of the accelerations in order to
understand some of the previous results and in order
to document motions of this airplane in turbulence.
Time histories of the accelerations during cruise in
the moderate turbulence condition are presented in
figure 15. The rms level for each filtered acceleration
is also shown in the figure. The accelerometer data
were passed through a constant amplitude notch fil-
ter with a lower cutoff frequency of 0.1 Hz and an
upper cutoff frequency of 12.0 Hz. The lower cutoff
was used to remove the bias on Aa, due to the ac-
celeration of gravity, and the upper cutoff frequency
was used to remove large acceleration components
at 19 and 38 Hz. These high-frequency components
were removed because they masked the more interest-
ing lower frequency components when plotted at the
time scale used in figure 15. The RQM also removed
these components except for the 19-Hz component of




the vertical acceleration. This frequency, however,
was not weighted as heavily as the lower frequencies
by the RQM.

The longitudinal acceleration Aa; was relatively
small, whereas the lateral acceleration Aay and the
vertical acceleration Aa, had peak values of about
0.24¢g and 0.60g, respectively. It is interesting to com-
pare the rms values of all three accelerations with the
RQM-weighted rms values in figure 14. For example,
although the unweighted rms lateral acceleration was
only 39 percent as large as the unweighted rms verti-
cal acceleration in figure 15, its RQM-weighted value
in figure 14 was over 70 percent as large. The dis-
comfort index for the lateral acceleration was about
82 percent as large as the vertical acceleration index
because the linear equation relating the weighted rms
lateral acceleration to discomfort has slightly larger
constants than does the corresponding equation for
the vertical acceleration (ref. 7).

The lateral acceleration had a large low-frequency
(period of about 2 sec) oscillation which was prob-
ably due to the Dutch roll mode. Superimposed on
this oscillation were much smaller amplitude, ran-
dom high-frequency accelerations which were proba-
bly due to the direct effects of the turbulence. The
Dutch roll oscillation could probably have been ef-
fectively suppressed by the yaw damper, but the yaw
damper was not engaged during this particular run.
The effectiveness of the yaw damper in reducing air-
plane response to turbulence was not evaluated.

The lateral acceleration was probably due to both
the side force from an oscillatory sideslip and the
induced linear acceleration from the yawing motion
because there was a 2-ft accelerometer package off-
set from the center of gravity of the airplane. The
exact contribution from each of these sources can-
not be determined without more extensive measure-
ments. However, for the present accelerometer loca-
tion a simple one-degree-of-freedom calculation using
the side-force characteristics in reference 8 showed
that the side force due to sideslip is approximately
3 times as powerful as the yawing motion in produc-
ing a given acceleration. Thus, if the accelerometer
package had been exactly at the center of gravity, the
measured lateral acceleration would have been only
25 percent smaller than presently measured.

The vertical acceleration had much sharper peaks
than the lateral acceleration. Direct effects of gusts
were much more important because of the larger
force-producing capability of the wing as compared
with the side of the airplane. The short period
mode was much more heavily damped than the Dutch
roll mode and thus produced no dominant resonant
oscillation.

The pitch and roll accelerations, A# and A(}'S,
respectively, contain a broad band of high-frequency,
large-amplitude accelerations. There is some evi-
dence of lower frequency motions, especially in the
roll acceleration, but most of the acceleration seems
to be structural in origin. The structural acceler-
ations are amplified by the turbulence, as will be
shown in the following spectral analysis.

Acceleration spectral analysis. The unweighted
rms accelerations in the frequency range from 0.125
to 10 Hz for cruise in the very light and moder-
ate turbulence conditions are presented in figures 16
through 20. Also included in the figures are the
weighting functions (filters) used in the RQM. As
mentioned earlier, these weighting functions reflect
human comfort sensitivity to whole-body accelera-
tion in each axis.

The longitudinal acceleration levels were rela-
tively small, and the rms longitudinal acceleration
spectra are shown in figure 16 for completeness. The
lateral acceleration rms spectra are given in figure 17.
These spectra are of more interest since the moder-
ate turbulence spectrum shows a very sharp spectral
peak at about 0.5 Hz, which is below the lower limit
of 1.0 Hz measured by the RQM. This peak is prob-
ably due to the Dutch roll (rigid body) mode of the
airplane. According to the theoretical calculations in
reference 8, the Dutch roll mode has a natural fre-
quency of 0.4 Hz and a damping ratio of 0.08. As dis-
cussed earlier, extension of the RQM frequency range
to include the Dutch roll peak would likely have re-
sulted in higher discomfort values for the lateral axis.

The vertical acceleration spectrum for moderate
turbulence (see fig. 18) has two peaks at frequencies
below 1.0 Hz. The theoretical short period mode had
a natural frequency of 0.7 Hz and a damping ratio
of 0.9. Because the RQM did not respond to vertical
acceleration frequencies below 1.0 Hz, this peak, like
the one for the lateral acceleration, was largely ig-
nored by the RQM. These low-frequency peaks were
probably responsible for the previously discussed dis-
crepancy between the total ride comfort reading and
the crew’s subjective opinion of the total ride com-
fort in the moderate turbulence conditions. A sec-
ond low-frequency peak in the RQM weighting func-
tions, as suggested in reference 9, for both the lateral
and vertical axes at the lower frequencies might be
appropriate, but establishing such functions was be-
yond the scope of the present study. An airplane
with a gust alleviation system would be an ideal test
bed for establishing these low-frequency weighting
functions. That is, low-frequency airplane responses
to turbulent conditions could be routinely simulated
in smooth air by using the flaps to generate the
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appropriate accelerations. Test subjects could then
evaluate the ride comfort as in the previous devel-
opment tests for the RQM, and the low-frequency
weighting functions could be determined.

The rms pitching and rolling accelerations
(figs. 19 and 20) exhibited no dominant low-
frequency peaks and the acceleration levels in moder-
ate turbulence were only about twice those in smooth
air. The higher frequencies were more dominant than
those for the linear accelerations and were possibly
due to structural accelerations of the instrument pal-
let. However, their magnitudes were also small, and
they contributed very little to the overall discomfort
index. In the more general case, rigid body angu-
lar motions can be important to ride discomfort be-
cause they can produce significant linear accelera-
tions at locations removed from the center of grav-
ity. This is especially evident in improperly designed
gust-alleviated airplanes, as noted in reference 10.

These power spectral data provide insight for
establishing specifications for sensors and actuators
for a gust alleviation system for this airplane. The
data in figure 18 indicate that actuators with a
frequency response of at least 4 Hz are necessary
to alleviate the bulk of the vertical gusts. On the
other hand, the data in figure 17 indicate that a
much slower actuator might be used to alleviate the
lateral gusts. In fact, a conventional yaw damper
might suffice for the lateral gust alleviation system.

Additional Observations

Other important stimuli not measured by the
RQM can affect ride comfort. Cabin temperature
and pressure were two obvious stimuli that detracted
from ride comfort during the present tests. Others
that were more difficult to assess included seating ar-
rangements, visual cues, and ventilation. It would be
highly desirable to include these as inputs to a uni-
versal ride quality meter. The present RQM assumes
that these factors are held constant at acceptable
levels since the development data were taken in an
airline cabin environment in a ground-based facility.
The RQM does provide useful data for developing
ride quality augmentation technology as long as its
limitations are kept in mind. The present flight tests
provide initial information for modifying the weight-
ings of the RQM and extending its frequency range
to make it more applicable to actual flight conditions
in a turbulent atmosphere.

Concluding Remarks

A new ride quality meter (RQM) has been used
to document the ride quality of a light twin-engine
airplane. The meter provides real-time quantitative
estimates of ride discomfort as perceived by naive
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passengers as a function of linear and angular vi-
brations (accelerations) and cabin noise levels. The
meter provides not only estimates of the total dis-
comfort but also a ranking (in common units) of the
contributions of the individual axes of acceleration
and octave bands of noise to the total ride discom-
fort. The meter indicated a relatively high level of
passenger discomfort in all phases of flight from taxi,
through flight, to landing. However, the passengers
would perceive the source of discomfort as being ei-
ther noise or acceleration depending on the particular
phase of flight.

For the in-flight phases of flight in smooth air,
the meter indicated that the total discomfort was
relatively high and that the cabin noise produced
much more discomfort than the acceleration levels.
Thus, a perfectly gust-alleviated airplane that would
correspond to this smooth-air condition would have
a relatively high discomfort level. In order to appeal
to a large segment of the general population, noise
treatments as well as gust alleviation seem to be
necessary. The meter indicated that the octave band
(125-Hz center frequency) containing the propeller
blade passing frequency was the dominant source of
noise discomfort in this airplane.

In moderate turbulence the meter indicated that
the accelerations were the dominant source of dis-
comfort and that the noise discomfort was effectively
zero because of the masking effect of the accelera-
tions. In addition, the discomfort due to the vertical
acceleration was only slightly larger than the discom-
fort due to the lateral acceleration. Thus, a gust alle-
viation system probably needs to alleviate both types
of accelerations. Since the vertical acceleration con-
tained significantly higher frequencies than did the
lateral acceleration, the vertical gust alleviation sys-
tem would require faster acting sensors and actuators
(up to 4.0 Hz).

The total discomfort index (the sum of the noise
and acceleration discomfort indexes) was practically
the same in smooth air as it was in moderately turbu-
lent air. This result did not agree with the research
crew’s subjective judgment that the turbulent condi-
tion was much more uncomfortable than the smooth-
air condition. This disagreement was probably due
to the fact that the RQM did not respond to ver-
tical or lateral accelerations below 1.0 Hz and the
airplane accelerations were large in this frequency
range. A second, less important, reason for the dis-
agreement was a slight anomaly in the RQM algo-
rithm for high noise levels and moderate accelera-
tion levels. For these conditions the masking effect of
the accelerations on the noise discomfort was slightly
overestimated.
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The RQM, while giving very useful indications of
ride quality, could be improved for general aviation
applications. The greatest improvement for analyz-
ing the ride of airplanes in turbulent air would be to
extend the frequency range to below the rigid body
frequencies of the airplane. This extension would
probably require a flight-based data base rather
than the ground-based data base that the RQM is
presently utilizing. An airplane with a gust allevi-
ation system would be an ideal test bed for such
a study. The RQM reading also does not reflect
other parameters that may be important in general
aviation airplanes. Cabin pressure, cabin tempera-
ture, ventilation, and visual cues are other param-
eters that would probably be needed in a general-
aviation-oriented RQM.

NASA Langley Research Center
Hampton, VA 23665-5225
April 25, 1989
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Table I. Physical Characteristics of Airplane

Overall dimensions:

Span, ft . . . . . . . e e e e e e e e e e e e e e e 39.86
Length, ft . . . . . . . .« o e e e e e e e e e 36.07
Height, ft . . . . . . .« . e e e e e e e e e e 11.66
Weights:
Empty,lb . . . . . . . e e e e e e e 3873
Maximum takeoff, 1b . . . . . . L L e e 6300
Maximum landing, Ib . . . . . . . . .. 00 e e e e e e e e e 6200
Powerplants:
Type . . . . . . . . e Reciprocating, six cylinder, horizontally opposed
Fuelsystem . . . . . . . . . . . L. e e e e Fuel-injected
Aspiration . . . . . . . L L L oL Lo s e e e e e e e Turbocharged
Rated power (at 2700 rpm and 34.5 in. HEMAP), hp . . . . . . . . . . . . .. ... 300 (each)
Normal operating speed, rpm . . . . . . . . . . ... 00 e e e e e 2100 to 2450
Propeller type . . . . . . . . . . e e e e e e e e e e 3 blades
Propeller diameter, in. . . . . . . . . . . . . . L Lo 0o e e e e e e 76.5
Propellercontrol . . . . . . . . . . . . . ..o o000 Constant speed, full feathering
Wing:
Area, ft2 . . . L e e e e 195.7
Mean aerodynamic chord, in. . . . . . . . . . . L L L L0 oo o e e e 61.99
Aspect Tatio . . . . . L L L L L e e e e e e e e e e e e e e e e s e e 8.1
Maximum wing loading, Ib/ft2 . . . . . . . . . ... 32.2
Center-of-gravity limits (at maximum takeoff weight):
Forward, percent of mean aerodynamicchord . . . . . . . . . . . . . . ..o 18.8
Aft, percent of mean aerodynamicchord . . . . . . . .. ..o o000 Lo 33.2
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Table II. Flight Test Conditions

Altitude, Indicated Engine speed,| MAP, in.

Condition ft airspeed, knots rpm of Hg
Taxi 0 800 17.0
Engine run-up 0 0 1700 19.0
Takeoff roll 0 0 to 90 2700 34.5
Maximum climb 5000 110 2700 34.5
Cruise climb 5000 125 2450 29.5
Cruise 7500 155 2300 29.0
Descent 5000 150 2300 22.0
Landing roll 0 75 to 0 Idle

11
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Table III. Typical Ride Quality Meter Printout

TIME =90:36

9.0710
0.9665

(o)}
w
I
N
nn
oM

1 kHz =
DN =

2kHz =
DN =

DTOTAL = 05.0873
DVIB  =00.9213
DNOISE = 04.1661

DLONG = 00.0082
GLONG = 00.0006

DPITCH = 00.0792
GPITCH = 00.0091

DROLL =00.3260
GROLL =00.1189

DLAT =00.2475
GLAT = 00.0028

DVERT = 00.6951
GVERT =00.0102

TIME
Hz

DN

DTOTAL
DVIB

DNOISE
DLONG
DPITCH
DROLL
DLAT
DVERT
GLONG
GLAT }
GVERT
GPITCH ]
GROLL

Legend

Elapsed time in minutes and seconds
since RQM power on

Center frequency of octave band

for which numerical value of A-weighted
sound pressure level is given in decibels
Noise discomfort index (without
acceleration), DISC units

Total discomfort index, DISC units
Combined-axes acceleration discomfort
index, DISC units

Combined noise discomfort index, DISC units

Single-axis acceleration
Discomfort indexes, DISC units

Frequency-weighted RMS linear
acceleration, g units

Frequency-weighted RMS angular
acceleration, rad/sec
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Figure 1. RQM on pallet with power supply and tape recorder.
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Run #10

Figure 6. Repeat discomfort readings at cruise flight condition in very light turbulence.

h = 7500 ft, MAP = 29 in., N = 2300 rpm
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Figure 7. Effect of airspeed on discomfort index in smooth air.
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Figure 8. Effect of engine power on discomfort index in smooth air.
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Figure 9. Discomfort indexes for different phases of flight in smooth air.
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Figure 10. Components of noise discomfort at cruise in smooth air, uncorrected for accelerations.
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Figure 11. Components of acceleration discomfort at cruise in smooth air. Values given above bars are the

weighted rms accelerations.
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Figure 12. Ride quality indexes for different levels of turbulence.
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Figure 13. Components of noise discomfort in moderate turbulence, uncorrected for accelerations.
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Figure 14. Components of acceleration discomfort at cruise in moderate turbulence. Values given above bars
are the weighted rms accelerations.
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Figure 16. Longitudinal acceleration rms spectra (frequency resolution

Figure 17. Lateral acceleration rms spectra (frequency resolution = 0.125 Hz) and RQM frequency weighting.
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Figure 18.
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Figure 19. Pitch acceleration rms spectra (frequency resolution = 0.125 Hz) and RQM frequency weighting.
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